A simple CO 2 probe system for quantifying CO 2 gas adsorbed in solid matrix of α-cyclodextrin powder (α-CD) by measuring the gas concentration in the headspace was developed and validated. The essential components of this system are an infrared CO 2 probe and an air tight chamber equipped with a two-fan system to uniformly mix the relatively high density CO 2 gas. First, a known weight of dry ice (considered as pure CO 2 ) was used to create different amounts of CO 2 in the headspace of the chamber, and the resultant gas concentrations were measured by the probe and gas chromatography. The gas concentrations measured by both methods were quite similar (R 2 = 0.9950), and the calculated amount of dry-ice in the headspace using the probe was highly comparable to the amount of dry ice initially added in the chamber (R 2 = 0.9970). This system was then tested to measure adsorbed CO 2 content in CO 2 -α-CD complexed powder by using water injection to release CO 2 from the complexed powder into the headspace. The measured results using this system were quite similar (R 2 = 0.9972) to those determined by a conventional acid-base titration method.
INTRODUCTION
Carbon dioxide (CO 2 ) gas has been widely used in food and agricultural production to control the rate of respiration of fruits and vegetables, [1] to retard the growth of undesirable microorganisms in meat, fish, dairy products, and fruit juices during storage, [2] [3] [4] [5] [6] to extend the shelf life of cereal gains and pulses, [7] to carbonate soft drinks, [8] or to give a popping feeling while chewing the pop rock candy. [9] For these applications, measurement of amount of CO 2 adsorbed/desorbed into these products over a wide range of pressure and temperature plays an essential role in designing and scaling up of a new processing process. Unfortunately, these data are not accurately calculated from theoretical and analytical simulation which are based on reported models. They must be measured via reliable and accurate experiments. [10] Theoretically, in order to determine the amount of CO 2 adsorbed/desorbed into food products, especially those existing solid form, various methods including volumetric, gravimetric, oscillometry, thermal desorption (calorimetry), dielectric, and chromatography techniques have been commonly applied. In some cases in which multicomponent co-adsorption are investigated, a combination of two or more of these methods is recommended. [10] [11] [12] [13] Many aspects of these methods (principles, experimental setup, examples, advantages, and disadvantages) were well described in the monographs published by Keller and Staudt [10] and Broom. [14] However, the published methods for CO 2 gas concentration determination require an expensive equipment system and a complicated sample preparation procedure, which is typically carried out by a highly skilled or trained technician. For a cheaper and simpler static measurement of adsorption/desorption capacity of CO 2 into solid matrices, a CO 2 probe can be quite applicable because of its cost-effectiveness, small size, and possibility for in situ and continuous measurement.
Because of wide range of applications of CO 2 gas in food production and limitations on safety and handling of high-pressurized CO 2 gas cylinders, a number of researches have been done on CO 2 encapsulation using a non-toxic, biodegradable, and biocompatible solid matrix to produce the powder format of CO 2 . [15] [16] [17] [18] The solid matrix used in these researches was an α-CD powder. The cyclodextrin molecules are formed by 6 glucopyranose units linked each other by α-(1,4) linkages to form a truncated cone with a polar inner cavity and hydrophilic surface. With the smallest cavity (around 0.47-0.53 nm in diameter) among three common types of cyclodextrin (α-, β-, and γ-cyclodextrins consisting of 6, 7, and 8 α-(1,4) linked glucopyranose units, respectively), α-CD is found to be the most suitable solid matrix to form complexed powder with CO 2 because the smaller cavity offers more interaction and better binding force between the guest molecules and walls of cavity. [19] The α-cyclodextrin is categorized as generally recognized as safe (GRAS) in the United States, a "natural product" in Japan, and as a "novel food" in Australia and New Zealand. [20] Beside CO 2 gas, α-CD can form complexed powders with other types of gas such as CH 4 , C 2 H 6 , C 3 H 8 , Kr, 1-MCP, Xe, C 2 H 4 , N 2 O, N 2 , or Ar. [18, [21] [22] [23] These inclusion complexes have high potential applications in food production. [24] In addition, almost all methods to determine the amount of gas adsorbed into α-CD reported in these researches are gas chromatography (GC), acid-base titration and thermogravimetry (TG-MS). In this study, a very simple enclosed system equipped with an infrared CO 2 probe to quantify the amount of CO 2 in the headspace was designed and validated. Moreover, the application of this system to determine CO 2 gas adsorbed into α-CD powder in solid state was evaluated, and the measured results were compared to those determined by a conventional acid-base titration method.
MATERIALS AND METHODS

Materials
The CO 2 probe used was a two-channel absorbing infrared sensor (Testo 535, Provo Instrument Pty. Ltd., Australia) with a measuring range of 0-9999 ppm. According to the manufacturer's specification, this probe is able to operate over a wide range of temperature and humidity (0-50°C and 0-99% relative humidity). Dry ice (CO 2 > 99.99%) was obtained from BOC (BOC Company, Australia) and kept in a freezer (-70°C) until it was used. Crystalline α-CD powder (>99% purity) was purchased from Wacker Biochem Group (Wacker Chemicals Inc., Germany) and stored in a dry, air tight container until it was used for experiments. A compressed CO 2 gas cylinder (>99.99%) was purchased from COREGAS (Coregas Pty Ltd., Australia). All other chemicals used in this study were of analytical reagent grade.
Design and Validation of CO 2 Measuring System
Design of CO 2 
measuring system
The sketch of CO 2 measuring system is shown in Fig. 1 . The integral parts of this system include the CO 2 probe, a plastic chamber (HDPE, 17.95 L of volume), two small fans (DC5V, 1.5W, Yaheng Electric Co., Ltd.) for air circulation inside the chamber. For measurement of CO 2
matrices, CO 2 must be completely released into the headspace. The cover of chamber can be opened and closed tightly for each measurement. The quality of the cover sealing was also tested by observing CO 2 concentration decay in the chamber over 3 days and this concentration only fluctuated in the range of CO 2 probe accuracy (±2 or 3% of measured values for measuring range 0-5000 or 5000-9000 ppm, respectively).
In order to investigate the applicability of this system to determine amount of CO 2 adsorbed into α-CD powder, this system was incorporated with a small plastic cup (75 mL of volume) to contain sample, a port connected to a plastic tube (PE, 17.3 mm of inside diameter) and installed in the middle of the chamber cover for water injection into the sample container, and a magnetic stir-bar (2.5 × 0.8 cm). During agitation of the mixture, due to dissolution of α-CD powder into water, CO 2 was completely released from CO 2 -α-CD complexed powder.
The components assisting to release CO 2 completely can be replaced by other suitable ones depending on the nature of solid matrices and release property. The basic requirements of this system are (1) it must be air tight, (2) gas must be completely released into the headspace, (3) the concentration of gas in the headspace must be within the measuring limits of the CO 2 probe, and (4) air should be circulated to distribute CO 2 thoroughly in the headspace otherwise the air will be stratified with the heavier CO 2 on the bottom of the chamber. [25] Validation of the CO 2 measuring system
The system accuracy was evaluated using dry ice to produce atmosphere with different CO 2 concentration. Before putting dry ice into the chamber, the chamber cover was opened and the fans were turned on to mix the air in the chamber at least for 30 min to achieve a steady state. Then, initial CO 2 concentration of the air inside the closed container was determined (C 1 , ppm). Various pre-weighed amounts of dry ice (W 1 , mg) were placed into the chamber, and chamber cover was immediately closed to prevent CO 2 from losing. The CO 2 concentration (C 2 , ppm) was recorded when it reached to a constant value. From difference between C 2 and C 1 values (C 2 -C 1 , ppm), amount of CO 2 produced by dry ice was calculated (W 2 , mg) based on the chamber volume and CO 2 density at measuring conditions (24-25°C, 45-50% RH, 1.01 bar).
Another way to validate the system was performed through a comparison of CO 2 concentration in the chamber headspace (produced by dry ice) measured by CO 2 probe and GC. After measuring 
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CO 2 concentration by CO 2 probe, 1 mL of headspace gas was manually taken with an air tight syringe (SGE Pty Ltd., Australia) and injected into the GC. The GC (Shimadzu 17A, Tokyo, Japan) fitted with a stainless steel column (3 m × 1.2 mm) packed with Porapak N (100-120 Mesh; Waters, Milford, MA, USA) was used for CO 2 quantification. The equipment was operated with helium carrier gas at 120 kPa. The oven, detector (thermal conductivity detector, TCD), and injector temperature were at 60, 85, and 65°C, respectively. CO 2 quantity was determined based on an internal standard calibration with 1.96% of CO 2 for each time of measurement.
A Comparison of Amount of CO 2 Adsorbed into α-CD Powder Measured by CO 2 Probe System and Acid-Base Titration Method
The CO 2 -α-CD complexed powders were prepared by solid encapsulation method reported by Neoh et al. [17] using commercial crystalline α-CD powder. Varying the pressure and time of complexation provided different levels of CO 2 adsorbed into the α-CD. The adsorption capacity was measured by CO 2 probe system and an acid-base titration method reported by Neoh et al. [17] CO 2 probe system A similar procedure for validation of the system was repeated using 4-5 g of complexed powder, instead of dry ice as mentioned earlier. In order to speed up the rate of CO 2 release, 10 mL of distilled water was injected into the sample container with a magnetic stirring bar. In a preliminary experiment, it was shown that after operating this system for 45 min, the CO 2 level read from the probe reached to a maximum value and was almost constant (e.g., it fluctuated around maximum value about 5-20 ppm). Therefore, the results were only taken after CO 2 measuring system was in operation for at least 45 min. Some of the gas dissolving into the water added into the sampler container should be accounted for. Therefore, the CO 2 released from the complexed powder includes CO 2 in the headspace and CO 2 dissolved into water. Due to presence of CO 2 in the air, the CO 2 in the headspace is calculated from difference between values measured without and with powder; while the CO 2 concentration dissolved in water was estimated based on the theoretical values of Henry's Law: C w = 0.8317 × C h (at 25°C) where C w and C h are the CO 2 concentrations (cm 3 /m 3 ) in the water and headspace, respectively. [26, 27] In order to confirm that CO 2 in complexed powder was completely released into the headspace of the system, the solid particles remaining in the solution were collected and dried in a Thermoline vacuum oven at 25°C (absolute pressure 80 kPa; Scientific Equipment, Australia). The dried powders were subjected to GC, 13 C solid-state nuclear magnetic resonance spectrometry ( 13 C SS-NMR) and Fourier transform infrared spectroscopy (FTIR) analyses. These methods have been used by Ho et al. [28] to confirm a completed C 2 H 4 gas release from C 2 H 4 -α-CD complexed powder when it was suspended into water.
GC analysis
About 0.5 mg of dried powders was placed into 17.5 mL amber airtight screw top vials (Supelco, Bellefonte, USA). The vials were tightly closed and incubated in an oven at 60°C for 3 days. Due to presence of CO 2 in air, another set of vials containing no powder was used as a reference. The gas in the headspace of these vials was taken and injected into the GC. The difference in concentration indicates the presence of CO 2 remaining in the residual powder. The procedure for GC operation was followed as the description in section "Validation of the CO2 Measuring System" INFRA-RED CO 2 PROBE MEASURING SYSTEM
C SS-NMR analysis
13
C SS-NMR spectra of samples were recorded by using a Bruker Advance III NMR (Bruker AXS GmbH, Karlsruhe, Germany) at 300 MHz under cross polarization and magic-angle spinning (CP-MAS) and high-power 1 H dipolar decoupling. During measurement, the power dipolar decoupling was about 7.5 dP. Zirconia rotors were employed and the sample spinning speed was 5 kHz. Topspin NMR software was used and the spectral width was 300 ppm maximum.
FTIR analysis
Infrared absorbance spectra of samples were recorded using a FTIR spectrometer attenuated total reflectance (ATR) spectrum 100 (PerkinElmer Ltd., Beaconsfield, UK). The scanning frequencies ranged from 4000 to 650 cm -1
. Spectra resolution was 4 cm -1 and the number of scans was 16.
Acid-base titration method
This method was modified from the one reported by Jakobsen and Bertelsen. [29] It is based on the measurement of the amount of Ba(OH) 2 remaining after its reaction with CO 2 released from the complexed powder. This is done by titration of the solution with HCl solution. The designed system included 2 flasks (100 mL, Buchner) tightly connected by a neoprene tube. A flask contained 5 mL of 0.5M H 2 SO 4 (flask 1) while the other had 10 mL of a 0.1N Ba(OH) 2 solution (flask 2). About 1-2 g of complexed powder was transferred into flask 1, then the system was completely closed and kept at room temperature for 18-24 h. During that time, CO 2 evolved from the complexed powder would be absorbed by 0.1N Ba(OH) 2 solution in flask 2 and the reaction product Ba(CO 3 ) 2 will precipitate. The residual Ba(OH) 2 was titrated by 0.1M HCl solution with phenolphthalein indicator.
RESULTS AND DISCUSSION
Validation of CO 2 Measuring System
Purity of dry ice
The dry ice with high purity (CO 2~9 9.99%) could be considered as a pure CO 2 substance which means that all amount of dry ice (W 1 ) would be converted to CO 2 gas (W 2 ; e.g., W 1 = W 2 ) after complete sublimation. In order to evaluate this assumption, a known amount of dry ice was used to produce different pressure environment in a hermetic bottle. The pressure levels in the container were measured by a pressure gauge and compared to calculated values based on the amount of used dry ice and three equations of state including the ideal gas law Eq. (S1) and those reported by Duan and Zhang [30] Eq. (S2) Pivovarov [31] Eq. (S3). These equations are shown in the online supplementary information.
The results shown in Fig. 2 indicated that the measured pressure was nearly the same as calculated pressure from all equations up to 15 bars. However, the Eqs. (S2 and S3) showed a better degree of correlation than Eq. (S1), with the slope of the fitting line being 0.9904, 1.0231, and 0.9736, respectively. This is because unlike Eqs. (S2 and S3) ; Eq. (S1) neglects CO 2 intermolecular interactions and compressibility. [32] These considerations become less important at low pressure and density. Therefore, at P < 2 bars the correlation constant of the Eq. (S1) was nearest to 1 (small graph in Fig. 2) , in comparison to that of Eqs. (S2 and S3). It can be concluded that CO 2 gas produced from dry ice behaves almost similar to an ideal gas at low pressure and that dry ice can be considered as a pure CO 2 substance. Small amount of moisture presenting in the dry ice (<0.06%, w/w) [33] can cause negligible degree of error.
Comparison between the amount of actual dry ice added in the chamber and that measured by the infrared CO 2 probe
The correlation between amount of dry ice added in the system (W 1 ) and amount of CO 2 measured by CO 2 probe (W 2 ) is illustrated in Fig. 3 . As expected, the average difference between W 1 and W 2 values was about 5.64%. This dissimilarity can be probably because of quick and continuous sublimation of dry ice at atmosphere conditions, which will result in the inevitable loss of dry ice during weighing and transferring it from balance to the system. Moreover, the slight alteration of pressure and temperature in the chamber due to dry ice's sublimation might be another reason for this dissimilarity.
For quantification of CO 2 gas concentration, GC has been often considered as the most accurate method while gas probes offer cheaper and more practical ways. [34] Therefore, comparison the CO 2 concentration in the headspace measured by GC and CO 2 probe is another way to validate the accuracy of this system. The result of this correlation shown in Fig. 4 indicated that there is a very strong correlation between these two values with a R 2 = 0.9990. A strong relationship of CO 2 flux measured by a semiconductor CO 2 sensor and GC has also been reported. [35] As shown in the above results, this probe system can be a reliable alternative approach to GC to determine CO 2 concentration in the headspace. The results of 13 C CP-MAS solid state NMR analysis for complexed powder (1) and remaining solids of complexed powder dissolved into water in the CO 2 measuring system (2) are shown in Fig. 5 . As reported, the resonance of CO 2 in gas phase under 13 C NMR spectrum at ambient condition was about 124.2-124.4 ppm. [36, 37] This peak was shifted downfield or upfield 1-2 ppm
The relationship between the amount of dry ice added in the chamber and that measured by the CO 2 probe system.
FIGURE 4
Correlation of CO 2 concentration (ppm) measured by GC and CO 2 probe system (three replications for each point of measurements).
as C-O 2 was entrapped into solid matrices depending on the type of materials. [38, 39] Therefore, the peak at 125.3 ppm which was only detected on the NMR spectrum of complexed powder corresponds to CO 2 molecules encapsulated into the α-CD cavity, the other NMR spectrum did not show any such peak. Moreover, the results of GC measurement indicated that CO 2 concentration in the vials containing the remaining solids of complexed powder was quite similar to that in the reference vials, with about 0.046% (v/v) for the remaining solids and 0.045% (v/v) for references. The CO 2 level in the air mixture was reported about 0.03% (v/v) [40] which highly depends on emission and activity of people.
Under infrared light CO 2 stretches to produce two vibrational bands, namely an asymmetric mode at 2349 cm -1 and a bending mode about 667 cm -1 . [41] A striking difference observed on the FTIR spectra of complexed powder and residual solids is that a strong band at 2334 cm -1 was only found for the former (Figure 6 ). This band is higher than that of asymmetric vibrational band of CO 2 gas about 15 cm -1 . This phenomenon is known as red-shift caused by the occupation of CO 2 in α-CD cavity under pressure, [17] and is also reported for complexes of CO 2 with other solid matrices such as KBr pellets [42, 43] and p-t-butylcalix [4] arene. [44] According to the report of Neoh et al., [17] it was impossible to detect a bending mode at 667 cm -1 of CO 2 on the FTIR spectra of C- INFRA-RED CO 2 PROBE MEASURING SYSTEM O 2 -α-CD complexed powder because this peak declined sharply in intensity due to increased pressure and limited space for CO 2 rotation as CO 2 was compressed into solid matrix, [42] and consequently this peak fell into fingerprint region α-CD (1500-500 cm -1 ). The results of NMR, GC, and FTIR analyses confirmed that CO 2 was completely released into headspace as the complexed powder was dissolved (complexed powder:water~1:2) and stirred in water for about 45 min. This is because of water solubility of α-CD powder and only physical bonds formed between CO 2 and α-CD cavity in complexed powder.
Comparison of CO 2 measurement of complexed powder by the CO 2 probe and acidbase titration method Acid-base titration has been used to determine CO 2 amount in air, [45] meat, [29] and CO 2 -α-CD complexed powder. [17] However, the complexities in chemical solution preparation and titration of this method, along with a very long time requirement for chemical reactions (more than 24 h) require an alternative simpler approach to quantify CO 2 adsorbed in solid matrices. In this study, the CO 2 -α-CD complexed powder with different levels of CO 2 was simultaneously subjected to acid-base titration and CO 2 probe system, and their correlation is shown in Fig. 7 . The measurement results of two methods were quite comparable, especially at low CO 2 concentration in the complexed powders (R 2 = 0.9972). However, the analysis of variance (ANOVA) statistical results revealed that there was insignificant difference (p > 0.05) of CO 2 concentration measured by two methods when CO 2 concentration in the complexed powder was less than 4.20% (w/w), but significant difference (p < 0.05) at higher CO 2 concentration (e.g., 5.50%, w/w). Moreover, it was also noted that values determined by CO 2 probe measuring system was always slightly higher than those measured by acid-base titration method. The reasons are probably because immediate release of CO 2 when contacted to H 2 SO 4 solution causes inevitable loss of CO 2 gas during the addition of H 2 SO 4 and closure of the flasks, and this loss seems to become higher at higher CO 2 concentration complexed powders. 
Conclusion
The results suggested that the CO 2 measuring system developed in this work can be a simple alternative inexpensive method to complicated methods such as GC or acid-base titration, provided that the CO 2 is released from the solid matrices in the given conditions in the system. The indispensable components of this system include the CO 2 probe, air tight chamber, and fan systems. The system has been shown to measure quite accurately the amount of CO 2 encapsulated into α-CD powder. Moreover, it is possible to measure continuously the amount of CO 2 released or to study the release kinetics and stability of complexed powders under various temperature and RH conditions depending on the working conditions of the CO 2 probe. This system will be suitable for the solid matrix which releases the adsorbed gas upon its rehydration.
